The paper presents the design and field test of a distributed solar PV system for industrial application (DGPVi). DGPVi utilizes HyPV (hybrid PV) system which generates solar power for self-consumption in lighting and air conditioning in a production line of a factory when solar energy is available. It does not feed the excess PV power to the grid. HyPV will be switched to grid power supply when solar energy is not available. A 3 kWp DGPVi is installed in a factory for field demonstration. The test results show that the solar PV power generated can be utilized immediately. The solar energy generation efficiency (kWh/day per kWp PV installation) of DGPVi is close to that of grid-tied PV system without self-consumption and battery storage. The yearly return on investment of DGPVi is 2.0% at the present installation cost or 3.3% at further cost-down cost. The payback time will be 14.3 years at the present installation cost or 12.1 years at cost-down cost. The present study verifies the economic feasibility of DGPVi.
Introduction
 DG (distributed generation) systems consist of small-scale power generation or storage systems to provide a local power supply [1] . DG generates power locally for self-consumption and can lower environmental impacts and improve energy security. DG may include solar PV system for local power generation and may also be connected to a conventional grid. DG is the future trend of electrical power supply [2] [3] [4] [5] [6] .
A HyPV (hybrid PV system) which generates solar power for self-consumption ( Fig. 1) was developed previously by New Energy Center, National Taiwan University [7] . HyPV does not feed the excess PV power to the grid. It supplies the load when solar PV power generation or battery storage is sufficient. HyPV is switched to grid power supply when solar energy is not available. A control system (MCU) was used for the automatic switching between PV and grid mode operation.
Distributed solar PV system for industrial
Corresponding author: Bin-Juine Huang, Ph.D., professor, research fields: solar energy, solar power, solar micro-grid. application (DGPVi) using HyPV seems promising since the power consumption of factory is always in phase with solar radiation. Only small battery storage is required and the cost may be low. But, the system design should be matched well to make a proper balance between power loads, PV generation, battery storage, under solar radiation variation. Otherwise, PV energy generation loss may happen when battery is fully charged during the periods of high solar radiation and low load power.
In the present study, a DGPVi was designed and built in a factory for field test.
System Design of DGPVi
The system design of DGPVi is shown below which is for complete self-consumption of PV power in daytime.
 
Test Results
The test of DGPVi started April, 2015, and the data are recorded by using a monitoring system (Fig. 6 ). Fig. 7 shows that the PV mode supply ratio for the load is 0.92 at the first four months from April 2015 to August 2015. The unit PV energy generation is 3.33 kWh/day per kWp PV installation which is close to the mean value of the long-term monitored data (3.28 kWh/day or 1,200 kWh/y per kWp) for feed-in-tariff grid-tied PV systems (without storage) installed in the same location. The solar PV system performance is related to the load variation. Fig. 8 shows that during the period from March 2016 to May 2016, the total energy load is quite stable, around 16 kWh/day, which is higher than the designed value 14.1 kWh/day. The solar PV energy supply ratio drops to 0.614 and the average PV Note: data missing on 2015/10~2015/11 due to service after typhoon hit; data missing in 2016/2 is due to failure of data logger. energy generation is 3.05 kWh/day per kWp PV installation, slightly lower than the first four months in 2015.
DGPVi was continuously run and the performance data were recorded since April 2015. Some data were missing in October and November 2015 due to maintenance after typhoon hit (structure reinforcement) and in February 2016 due to failure of data logger.
The long-term data of daily PV energy generation per kWp PV installed, from April 2015 to May 2016, are shown in Fig. 9 . The overall average PV energy generation is 3.08 kWh/day per kWp which is slightly less than the mean value of the long-term monitored data (3.28 kWh/day or 1,200 kWh/y per kWp) for feed-in-tariff grid-tied PV systems installed in the same location. The PV supply ratio is 0.62 since in most of the time, the load power is higher than the designed value 14.1 kWh/day. Table 1 shows the monthly performance data. The solar fraction (defined as fraction of energy supply from solar PV) ranges from 0.39 in winter (Jan. 2016) to 0.92 in summer (Aug. 2015). The monthly-mean solar PV generation is between 2.27 and 3.95 kWh/day per kWp installation, as shown in Fig. 10 . The number of ATS switching between PV and grid modes is from 2.7 to 9 times per day which is acceptable [7] .
All the collected data of daily solar energy generation per unit kWp PV installation are shown in Fig. 11 . It is seen that solar PV energy generation is lower in winter time.
Economic Analysis
The installation cost of the present DGPVi using Li-battery (Table 2) is 213,000TWD (6,760USD), about 72,000 TWD/kWp (2,300 USD/kWp) not including air conditioner and LED lights, which is the price not in mass production. This is much lower as compared to the installation cost of stand-alone solar PV system (around 110,000 TWD/kWp). This is due to the large cost reduction of battery storage since PV power generated in daytime is almost completely consumed by the production line. The storage capacity is relatively low as compared to stand-alone solar PV system.
The installation cost of DGPVi can be further reduced by mass production to 168,000TWD (5,330USD), or 57,000 TWD/kWp or 1,810 USD/kWp), about 20% higher than the grid-tied solar PV system without self-consumption and storage.
The total energy saving (electricity bill reduction) for 20 years is 408,000TWD about two times of initial cost (213,000TWD). Further cost down is possible in mass production. Assuming that the O&M (operation and maintenance) cost is mainly for replacement of battery, inverter, and HyPV controller with new replacement every seven years, i.e. 2 times in 20 years. The 20-year O&M cost is 78,000TWD based on the cost down price. The yearly return on investment is 2.0% at the present installation cost or 3.3% at cost-down cost. The payback time will be 14.3 years at the present installation cost or 12.1 years at cost-down cost. Both show economic feasible for DGPVi.
Discussions
If a solar PV distributed generation system does not feed excess solar power into grid, the system design should be optimized in order to keep a high solar PV energy generation per kWp PV installation.
The grid-tied solar PV system uses MPPT (maximum-power-point tracking control) to maximize the power generation. The present DGPVi uses HyPV technique [7] which skips MPPT. In PV Mode, HyPV operates as a stand-alone PV system. nMPPO (near maximum power-point operation) system design [8] is employed to eliminate the MPPT but still keep PV module working at optimal power output. This reduces energy loss and hardware cost and avoids hardware failure.
HyPV abandons the conventional CC (constant-current) battery charger and directly charges the battery from PV panel to avoid energy loss and malfunction of conventional charger. Only CV (constant-voltage) charge is employed for protecting the battery from overcharge.
HyPV uses battery to store surplus PV energy in daytime, instead of feeding to the grid. Hence, the system design should be optimized among PV energy generation, energy storage, and load pattern, in order to obtain better system performance.
Two specific loads (lighting and air conditioning) were chosen and connected to DGPVi in order for better system match. The solar PV fraction is defined for the specific load and has a high value (0.62 ~ 0.92). Actually, the energy consumption of the specific loads connected to DGPVi consumes about 20 percent energy of the whole factory.
It is shown from the field data that the long-term performance of DGPVi is very close to the grid-tied solar PV system. This makes DGPVi be able to compete with the grid-tied solar PV system if battery cost was not taken into account.
The production cost of HyPV controller used in DGPVi is around 700USD each in sample production quantity. It can be reduced to about 170USD in mass production and through design simplification to make the whole DGPVi cost down to 5,330USD (3 kWp) or 1,810 USD/kWp, if the battery price is down to 0.35 USD/Wh and PV module price down to 0.4 USD/Wp. This is very close to the installation cost of the present grid-tied solar PV system (around 1,500 USD/kWp), about 20% higher. The cost down expectation as shown in Table 3 is quite possible.
Conclusions
The paper presents the design and field test of a distributed solar PV system for industrial application (DGPVi). DGPVi utilizes hybrid PV system with battery storage which generates solar power for self-consumption in lighting and air conditioning in a production line when solar energy is available. It does not feed the excess PV power to the grid. HyPV will be switched to grid power supply when solar energy is not available. A 3 kWp DGPVi is installed for field demonstration. The test results show that the solar PV power generated can be utilized immediately. The solar energy generation efficiency (kWh/day per kWp PV installation) is close to that of grid-tied PV systems without self-consumption and battery storage.
The yearly return on investment of DGPVi is 2.0% at the present installation cost or 3.3% at further cost-down cost. The payback time will be 14.3 years at the present installation cost or 12.1 years at cost-down cost. The present study verifies the economic feasibility of DGPVi.
